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Theoretical Foundations Myocardial Uptake of Circulating Indicators
The amount of a circulating indicator in the myocardium can be related to myocardial blood flow as:
Mm(t) =Qm(f a(t) dt-J v(t) dt)
(1) o0 ( ) where M is the myocardial mass, Qm the capillary blood flow, a(t), v(t), and m(t) the indicator concentrations in arterial blood, venous blood, and myocardium, respectively. Solving for specific flow to the myocardium one obtains Qm-= m(t) (4) where £K is the integrated arteriovenous extraction ratio for the potassium indicator.
Previous findings in rats 1,2 and dogs 2 3 have shown that, if K42C1 or Rb86Cl is given intravenously as a single injection, the organ content of the indicator remains essentially unchanged for an appreciable time interval following the first circulation.
On the assumption that in man the amount of indicator in the myocardium remains constant during a certain time interval after the first circulation, the myocardial concentration at a time r during that interval and the integral of the primary arterial concentration curve A1 can be introduced at the second member of equation 4, thus giving: (6) W1B is the "effective volume, '4 i.e., the product of the activity-containing volume contributing precordial counts times the average counting efficiency for it, and it can be obtained dividing the precordial counting rate into the radioactive concentration in blood simultaneously measured.
On the other hand, after intravenous injection of Rb86C1 or K42C1 the precordial activity RKe is made up of an intravascular (RI,) and an extravascular (RE) component:
RB can be calculated using equation 6 Myocardial and chest wall components cannot be separated: their relative importance, in a given geometrical arrangement, depends on the relative radioactive concentration in the two tissues, which in turn depend on their relative perfusion rate, the mode of administration of the potassium indicator, and the time elapsed after its administration.
In case of single injection, the initial distribution of the potassium indicator is essentially proportional to the perfusion rates., 2, ; so that activity in the slowly exchanging muscles of the anterior chest wall is small in comparison with activity in the myocardium,7 which has a perfusion rate 15 (8) where cK is the indicator concentration in blood and Rm.. ( T) indicates the myocardial contribution to the precordial counting rate, at a time r after completion of the first circulation of the indicator. R1, ( r) is related to the radioactive concentration in the myocardium mh ( r) as: (9) where W,, is the "effective volume" of myocardium contributing to the precordial counting rate.
On the other hand, the precordial curve recorded during the first passage of the indicator through the heart chambers is related to the primary arterial concentration curve: TRIK(t) dt -XV,,A1 () (10) where Wu1 is the "effective volume" of the heart chambers contributing to the first passage curve.4
Combining equations 5, 9, and 10 we get: (11) which gives the initial myocardium clearance of potassium in terms that can be derived from precordial counting, and with an uncertainty given by the ratio W,,/W,, The inverse square law which relates crystal to target distance, and the uneven arrangement of myocardial fibers around the chambers, make The instruments used for precordial counting comprise a 2" x 2" NaI(Ti) scintillation counter (Nuclear-Chicago DS-5) with lead collimating channel 75 mm. long (internal diameter 50 mm., external diameter 75 mm.). Pulses from the photomultiplier are fed, via a pulse height discriminator, to a scaler and a counting ratemeter connected'in parallel. The output of the latter is recorded by means of a photographic multichannel recorder on which electrocardiographic and pressure tracings can be simultaneously recorded.
When 1131 activity is to be measured, the bias voltage is adjusted just below that corresponding to the 0.360 Mev. -v-photopeak. When Rb86 or K42 is measured, the bias voltage is adjusted to reject pulses of energy smaller than those corresponding to the 1.08 Mev. r-photopeak for Rb86, the 1.53 Mev. v-photopeak for K42.
The ratemeter time constant is set at 10 seconds for recording background prior to the injection of the indicators, at 1 second during inscription of the curves.
Blood activity is measured in a well-type scintillation counter, with the bias voltages adjusted according to the same criteria described for external counting of 1131, Rb86 or K42.
All the data obtained externally are corrected for the relative efficiencies in the "in vivo" and "in vitro" systems, introducing a coefficient i calculated from the counting rates obtained when two 500-ml. flasks containing known concentrations of 1131 and Rb86 (or K42) are exposed to the external counter under a standard geometrical (13) The experiments were performed in the morning, on fasting, resting subjects in the supine position.
After the introduction of a Cournand cannula into the left brachial artery, the counter was positioned over center of the heart silhouette, previously outlined under fluoroscopy.
Ten to 15 cc. of I131 as RIHSA, in 0.5 to 1 ml. of saline were then rapidly injected into the right cubital vein. Thirty seconds after the injection the precordial counting and arterial blood sampling were started; both counting and blood sampling lasted 1 minute, with the rate of withdrawal adjusted by a metronome (1 ml. every 4 seconds).
From 2 to 3 minutes later, the recording ratemeter was turned on, and about 150 cc. of Rb86 as rubidium chloride (or 75 uc. of K42 as potassium chloride) in 0.5 to 1 ml. of saline were rapidly injected into a cubital vein as done for RIHSA. Precordial counts and arterial blood were taken exactly as previously done after RIHSA inijection. Recording was continued until blood sampling and precordial counting were completed. When a second measurement was to be carried out, care was taken to maintain the counter in the same position. After the precordial activity had been monitored and an arterial blood sample taken, a second injection of Rb86 (or K42) was given, with the above procedure (curve recording, precordial counting, and arterial sampling) repeated.
All the blood samples were hemolyzed and counted in duplicate.
The coefficient was periodically measured to check the constancy of the conditions of the counting apparatus.
Calculations
The myocardial clearance (MCK for K42, MCR In the two cases in which a second measurement was done in the same conditions, the second F value deviated from the first one less than 5 per cent in one case, less than 1 per cent in the other.
The results of the three experiments in which the precordial counts and the arterial blood were separately collected in the two half minutes are reported in table 1. The arterial concentration and the vascular component of the precordial counting rate in the second half minute averaged 59 per cent and 51 per cent of their respective values in the first half minute, while the reduction of myocardial activity was 5 per cent only.
Myocardial Clearance of Potassium MCK(R) values are reported in figure 3 . In 25 subjects with normal cardiovascular systems MCK ( R) averaged 87.93 ± 22.5 ml. per minute per 100 Gm. of myocardium; in 10 cases with hypertensive heart disease the mean clearance value is 69.06 ± 18.8 ml. per minute per 100 Gm., while in 11 cases with coronary heart disease the mean value is 62.54 ± 25.3 m,l. per minute per 100 Gm. The average values of both groups differ significantly from the normal mean (p <0.05 for the group with hypertensive heart disease HHD, p <0.01 for the group with coronary heart disease).
Effect of Nitroglycerin
As shown in figure 4 , in all subjects with normal cardiovascular systems an increment of MCK(R) was observed after administration of nitroglycerin, ranging from 5.4 to 58.4 In 9 of 10 nonhypertensive cases with coronary heart disease, MCK( R) decreased after nitroglycerin, the drop ranging from 1.1 to 47.5 ml. per minute per 100 Gm. of myocardium. In one case an increase of 3.7 ml. per minute per 100 Gm. was observed. The average change in the group amounted to -14.7 ml. per minute per 100 Gm., which was found to be statistically significant (p < 0.01).
In the hypertensive group the administration of nitroglycerin was followed by an increase of the clearance values in three cases (ranging from 3.8 to 11.4 ml. per minute per 100 Gm.), by a reduiction (ranging from -5. 
Discussion
The lack of systematic differences betweeni K42C1 and Rb86Cl clearance confirms previous observations that the two ions are handled in a similar fashion by the myocardium. 6 In recent years, various attempts have been made 10 11 to obtain information concerning myocardial blood perfusion in man, from tlhe rate of increase of precordial radioactivity during a continuous infusion of Rb86CIl. These investigations, however, have encountered various difficulties that have prevented their development into practicable technics; 9 during the period of infusion, the myocardium and the striated muscles of the anterior chest wall take up and release radioactivity at sub- stantially different rates, so that separation of myocardial from other tissue components in the precordial activity curve becomes a major problem.
On the other hand, evidence collected in various animals has shown that the initial partition of a single bolus of K42 or Rb86 is proportional to the distribution of cardiac output, and that this distribution is maintained for a certain time after completion of the first circulation. -3 On these grounds, one would expect that the study of the myocardial uptake of a potassium indicator immediately after a single injection would prove a simpler approach to the problem of estimating myocardial blood perfusion. 9 The results reported in this paper seem to support this expectancy.
The small changes in myocardial activity observed from the 30 to 60-second to the 60 to 90-second period, despite the marked changes in blood activity, agree perfectly with the results of the animal studies.
Moreover, the MCK(R) values observed in the normal group agree surprisingly well with the values for coronary blood flow usually obtained with the method of Kety, 13, 14 in the same way as the uptake of Rb86 or K42 by the heart of dogs and rats compares very closely with the fraction of cardiac output perfusing their myocardium.1 2 A myocardial extraction ratio of 1.00 would readily explain all these findings, but such an interpretation is obviously untenable, since both K42 and Rb86 are known to recirculate in considerable amounts. The only other possible explanation is that proposed by Sapirstein,2 i.e., that myocardial extraction ratio does not differ significantly from whole-body extraction ratio.
From equation 1 the myocardial concentration m (T) at a time r after the completion of the first circulation can be written as As obtained with the present technic, and similarly with the indirect Fick method, MCK reflects the flow per gram of myocardium and not the total coronary blood flow. MCK, however, has the advantage that every unit volume of myocardium, no matter how well it is perfused or through which vessels it is drained, contributes to the precordial counting rate in variable proportions determined by the efficiency of the counting method.
